Background: Phenotypic diversity of floral organs plays an important role in plant systematic taxonomy and genetic variation studies. Previous research have focused on the direction of variation but disregarded its degree. Phenotypic variation (including directions and degrees) of 17 floral traits from wild to cultivated crabapples were explored by comparing their distributions and deviations in three different dimensions: floral organ number, size, and the shape. Results: Except for petal number, petal length / petal width, and sepal length / sepal width, the analyzed floral traits of cultivated crabapples all showed downward distributed box bodies in box plot analysis and left deviations of fitted curves in frequency distribution function analysis when compared to the wild, which revealed consistent variation directions of petaloid conversion (pistils or stamens → petals), size miniaturization (large → small), and shape narrowness (petal shape: circular → elliptic; sepal shape: triangular → lanceolate). However, only seven floral traits exhibited significant differences in box plot analysis, while all of the traits in frequency distribution function analysis were obviously offset. The variation degrees were quantitatively characterized by sizing traits > shaping traits > numbering traits and by horizontal dimensions > radial dimensions.
Background
Crabapples (Malus spp.) are small trees and shrubs in the rose family, valued for their charming flowers, colorful small fruits (≤5 cm), and diverse growth habits. They also have an added advantage of wide environmental adaptability, facilitating their world-wide prominence as landscape and gardens focal points [1] [2] [3] . After a long period of natural selection and crossbreeding, Malus germplasm present a high level of diversity, with a steadily increasing number of varieties and cultivars in relation to their wild ancestors [4] [5] [6] [7] . While nearly 1200 Malus taxa are recorded in Fiala's "Flowering Crabapple" book, less than 5% are semi-double or double flowered. Additionally, germplasm with larger flowers are also rare, resulting in a scarcity of double-flowered and novel-typed cultivars available in today's market [8] .
Flowers are one of the most ornamental features of garden plants [9] [10] [11] . They display extremely high variation in size, color, structure, and function, which are the products of continuous remodeling to adapt to different environmental conditions and pollinators and the important foundations for germplasm innovations [12] [13] [14] [15] [16] [17] [18] [19] . Currently, most floral variation studies have been restricted to the anatomical examinations and genetic interpretations for their development on the basis of phylogenetics and molecular genetics, combining with the ABC (DE) and the quartet models [20] [21] [22] [23] [24] [25] [26] [27] [28] . Moreover, variation analyses mainly occurred above the species level (at the macro level, mainly determined by paleontology and comparative morphology methods) [29] [30] [31] . Based on phenotypes and statistical principles, few studies were carried out with more intuitive estimations of floral variation below the species level (at the micro level, mostly determined by genetics, ecology, and low-level systematics methods) [30, 31] . Chu et al. (2009) summarized the main phenotypic variation of Malus floral organs based on intuitive experience and comparative morphology, which had been widely accepted by researchers [32] [33] [34] . These results, however, were relatively imprecise because of the subjectivity of the methods. Furthermore, these studies did focused on the direction of variation and disregarded its degree.
Using box plot and frequency distribution function analyses, phenotypic variation of floral organs from wild to cultivated crabapples were explored to: (1) determine the variation rules (including directions and degrees) governing floral changes between the two groups in three different dimensions: floral organ number, size, and the shape; (2) compare the effect of different analytical methods on generating the variation rules; and (3) provide a theoretical basis for the inheritance and improvement of Malus germplasm. Comparative analyses of distributions and differences between the two groups were carried out, one including 25 wild crabapples and the other including 108 cultivated ones. Except for petal number, petal length / petal width, and sepal length / sepal width, all cultivated crabapples' box bodies of the other floral traits showed downward distributions relative to the wild. Specific distributions of all the phenotypic traits were as follows:
Results

Box plot analysis of phenotypic variation of floral organs between wild and cultivated crabapples
In terms of floral organ number ( Fig. 1-I) , petal number, pistil number, and petal, pistil and stamen number of cultivated crabapples were distributed across a larger range that completely encompassed the distributions of wild crabapples (the proportions of transgressive individuals were 4.6, 23.1 and 6.5%, respectively). However, with regards to the stamen number and the pistil and stamen number, smaller distribution ranges were shown in the cultivated relative to the wild, although certain transgressive individuals (smaller individuals) still existed (the proportions of transgressive individuals were 2.8 and 4.6%, respectively). No significant differences were determined among these numbering traits between the two groups (P values were 0.2896, 0.1021, 0.4922, 0.1959, and 0.1394, respectively).
In terms of floral organ size ( Fig. 1-II) , larger distribution ranges were shown in flower diameter, petal length, sepal length, sepal width, and pedicel length of cultivated crabapples. Among them, distribution ranges of flower diameter and petal length of cultivated crabapples completely encompassed the ranges of wild ones (the proportions of transgressive individuals were both 5.6%). Downward distribution trends were presented in sepal length and sepal width, with smaller values in cultivated crabapples than the wild; whereas for the pedicel length, the upward distribution trend was presented together with higher values (the proportions of transgressive individuals were 9.3, 15.7, and 5.6%, respectively). On the contrary, sizing traits of petal width, claw length, pistil length, stamen length and pedicel thickness of cultivated crabapples were distributed across a smaller range. Distribution ranges of claw length and pistil length of cultivated crabapples were completely encompassed by those of the wild. And downward distribution trends were presented in petal width and pedicel thickness, with smaller values in cultivated crabapples than the wild; whereas the upward distribution trend was presented in stamen length together with higher values (the proportions of transgressive individuals were 5.6, 5.6, and 0.9%, respectively). Except for pedicel length (P = 0.9660), pistil length (P = 0.0567), petal length (P = 0.0783), and claw length (P = 0.4040), the other six sizing traits of flower diameter, petal width, sepal length, sepal width, stamen length, and pedicel thickness, all showed significant differences between the two groups (P values were 0.0244, 0.0005, 0.0001, 0.0001, 0.0237, and 0.0001, respectively).
In terms of floral organ shape ( Fig. 1 -III), petal length / petal width and sepal length / sepal width of cultivated crabapples were both distributed across a larger range that completely encompassed the distribution ranges of those in wild crabapples (the proportions of transgressive individuals were 8.3 and 7.4%, respectively). Significant variation was presented in petal length / petal width between wild and cultivated groups (P = 0.0030); however, differences in sepal length / sepal width did not reach the significant level (P = 0.5298).
Frequency distribution function analysis of phenotypic variation of floral organs between wild and cultivated crabapples
For a clearer analysis of floral variation from wild to cultivated crabapples, frequency distribution functions of all the 17 above-mentioned phenotypic traits were fitted ( Fig. 2) . Except for petal number, which followed a The mean values are presented in small squares inside the box bodies. Datasets of all the wild and cultivated individuals are shown on the right of each box plots and their distributions are fitted with a line. The different lowercase letters indicate significant differences (P < 0.05) between the mean values of each floral traits from wild and cultivated crabapple groups, while different capital letters indicate highly significant differences (P < 0.01) between the mean values of each traits from these two groups. Identical letters indicate the absence of significant differences power function distribution (R 2 = 0.9931-0.9972), all the other floral traits followed the normal distribution (R 2 = 0.8625-0.9991) ( Table 1) .
From wild crabapples to the cultivated, the power distribution function of petal number showed a right deviation (increasing trend), while normal distribution functions of the other numbering traits (pistil number, stamen number, pistil and stamen number, and petal, pistil and stamen number) showed the opposite, which indicated that additional petals in cultivated crabapples might arise from petaloid conversions of pistils or stamens during the doubling processes ( Fig. 2-I) . Consistent trends of left deviations (decreasing trends) were shown in all the sizing traits ( Fig. 2-II) , while normal distribution functions of the shaping traits both showed the contrary (Fig. 2-III) .
To quantitatively express the degree of phenotypic variation of floral organs between wild and cultivated crabapples, two characteristic parameters; namely, misregistration distance (MD) and misregistration probability (MP), were calculated ( Table 1) . Significant positive correlation was shown between MD and MP (r = 0.7880, P = 0.0000), confirming the validity of these two parameters. Overall, the sizing traits of floral organs showed the highest degree of variation, followed by the shaping and numbering traits. Phenotypic variation occurred higher in the horizontal dimension (pedicel thickness, petal width, and sepal width) than that in the radial dimension (pedicel length, petal length, and sepal length).
Discussion
Additional petals in cultivated crabapples arose from petaloid conversions of pistils or stamens during the long period of natural selection and crossbreeding "Double" refers to flowers with more than one petal whorl or additional petals [35] . This phenomenon can be produced by either neoheterotopy or homoheterotopy. Neoheterotopy refers to an increase in the number of petal whorls in sympetalous flowers [36, 37] , whereas homoheterotopy refers to the petaloid conversion of pistils and stamens [38] [39] [40] [41] [42] [43] [44] or bracts and sepals to construct additional petals [45] [46] [47] [48] . Chu (2009) proposed that additional petals in cultivated crabapples were petaloid stamens [32] , which had been acknowledged by many researchers. In this study, however, results were different. With an increasing trend of petal number, pistil number and stamen number of cultivated crabapples both decreased in a relatively equivalent degree (MP pistil number = 0.1967, MP stamen number = 0.1736; MD pistil number = 0.0277, MD stamen number = 0.0439), suggesting that multiple petals might be derived from pistils or stamens. The incomplete agreement between these two viewpoints described above could be mainly due to the differences in materials and methods used. Chu's study was mainly based on scattered discoveries, while a total of 133 Malus taxa were investigated in the present study, including 25 wild crabapples (accounting for 71.4% of total wild species recorded in the flora of China) and 108 cultivated ones (accounting for more than 50.0% of total cultivars that could be found in nurseries). Among the cultivated crabapples were 18 semi-double or double types, accounting for approximately 69.2% of the documented double types in Fiala's (1994) "Flowering Crabapple" book [8] . The representativeness of these research materials, to a certain extent, determined the reliability of this study results. Regarding the research methods, a comparative morphological method with a certain subjectivity was applied in Chu's study, which resulted in less precise conclusions. Instead, quantitative assessment based on statistical principles was adopted in the present study, which revealed the origin of the doubling phenomenon in cultivated crabapples more clearly and provided a more precise theoretical basis for Malus double-typed cultivars breeding.
Non-additive effects contributed to the inhomogeneous miniaturization of floral size in cultivated crabapples
Compared to the wild crabapples, 10 sizing traits of the cultivated exhibited a consistent trend of miniaturization with inhomogeneous variation degrees. Decrease in petal length resulted in smaller flower diameter (P petal length < P claw length ), while larger degree of variation in the horizontal rather than in the radial dimension led to smaller and narrower floral shapes (MP petal length = 0.1835, MP petal width = 0.2651, MP sepal length = 0.3121, and MP sepal width = 0.4135). To account for this miniaturization, nonadditive effects (including dominant and epistasis effects) were proposed [49, 50] . Although Malus taxa originate from wild species, their genotypes are highly heterozygous after long-term natural selection and crossbreeding. According to the dominance hypothesis, dominant alleles are favored over recessive alleles for the growth and development of individuals [51] . Self-crossing or inbreeding of these heterozygous individuals will therefore increase the production of homozygotes in hybrids and expose the harmful traits represented by recessive genes, which will lead to the hybrid depression and significantly reduce the probability of heterosis [52] [53] [54] [55] [56] . Additionally, Li (2007) proposed that in F 1 hybrid of Gerbera jamesonii, the average values of flower diameter, pedicel length and ray floret were significantly smaller than those of their parents, which may be due to the one-way selection in the process of breeding and the large amount of non-additive effects reserved by asexual reproduction on the preservation of selected cultivars. Once sexual reproduction occurs, the possibility of heterosis may be reduced, resulting in a decrease in average values of hybrid group's traits [57] . Do this one-way selection, as well as the different fixation and heredity of non-additive effects produced by asexual and sexual reproduction, also exist in the previous breeding process of Malus taxa, which can lead to the depression of all sizing traits in the progeny? These questions deserve further exploration. Nevertheless, transgressive individuals with higher values still existed in sizing traits of flower diameter, petal length, stamen length, and pedicel length (the proportions of transgressive individuals were 5.6, 5.6, 0.9, and 5.6%, respectively), which would provide a possibility for further innovations of Malus germplasm, such as large-flowered cultivars.
Frequency distribution function analysis was more sensitive than box plot analysis, revealing clearer phenotypic variation of Malus flowers Plants can evolve on both the macro and micro levels. Evolution at the level of genera and higher taxonomic levels (interfamily, etc.) can be regarded as macroevolution, reflecting the origins and phylogenetic processes of large-scale alterations in plant taxa during long geological ages. In contrast, evolution within genera (inter-species and inter-cultivar) can be regarded as microevolution, reflecting the evolutionary processes of smallscale alterations in plant taxa during shorter time periods [30] . The significant differences at the level of observation between macro-and micro-evolution determine the differences in their respective research methods. The former is mainly using methods of paleontology and comparative morphology, while the latter is mainly using methods of genetics, ecology and low-level systematics [31] . In this study, phenotypic variation of floral organs between wild and cultivated crabapples represents the micro level. However, previous researchers mainly depended on intuitive experience and adopted the comparative morphological method for analysis [32] [33] [34] . This method can only roughly reveal the variation directions because of its highly subjective, leading to less reliable and imprecise results. To reveal the variation rules more objectively, accurately and thoroughly, two methods of box plot analysis (method I) and frequency distribution function analysis (method II), were applied in the present study. The variation directions revealed by both methods were consistent. However, only seven phenotypic traits; namely, flower diameter, stamen length, sepal length, petal width, pedicel thickness, sepal width, and petal length / petal width, exhibited significant differences in method I, whereas in method II, frequency distribution functions of all floral traits were obviously offset. Thus, method II was more sensitive than method I. Method I reflected the relationship between the (arithmetic) mean values that indicated the differences of two groups. These mean values, however, concealed the overall alterations. Method II reflected not only the differences in the distribution centers of two groups (mathematical expectation, Δμ) but also the misregistration of the probability distribution (Δσ). Both the misregistration distance (MD) and misregistration probability (MP), which are quantitative indices for exploring phenotypic variation (including directions and degrees) between different groups, could therefore be calculated.
Conclusions
Phenotypic variation of floral organs between wild and cultivated crabapples were mainly characterized as petaloid conversion, size miniaturization, and shape narrowness. Traits reflecting floral organ size reflected the highest degree of variation, followed by shaping and numbering traits. Higher degree of phenotypic variation occurred in the horizontal dimension, rather than in the radial dimension. Frequency distribution function analysis revealed clearer variation rules of floral organs in Malus than box plot analysis, which constructed a theoretical basis for Malus flower type breeding and would provide a new quantitative method for future evaluation of phenotypic variation among different groups in angiosperms at large.
Methods
Experimental site overview
The experimental site is situated at 32°42′N latitude and 119°55′E longitude. It has a northern subtropical monsoon climate with four distinctive seasons, 16.5°C annual average temperature, 800-1000 mm annual precipitation and a 251 d frost-free period. The soil type is sandy loam with pH 7.2 and fertile soil layers. The terrain is flat with a 1.5 m groundwater level and good irrigation and drainage conditions.
Plant materials
A total of 133 Malus taxa (including 25 wild and 108 cultivated crabapples) were collected from the national repository of Malus spp. germplasm (Yangzhou City, Jiangsu Province, China) ( Table 2 ). All Malus trees were between seven and ten years old, which enabled them to enter the full bloom phase. Thirty individuals of each cultivar were planted in a row at 2 m apart with 3 m between rows.
Test methods
The experiment was carried out in Spring 2017 (March-April). Ten plants of each cultivar were randomly selected. Three typical, standard and consistent full-bloom flowers of each plant were collected from the middle of the tree and the branch toward the sunny side, yielding 30 flowers in total. Then, all flowers were immediately loaded into a cooler and taken to the laboratory for further use.
Seventeen phenotypic traits of Malus floral organs were evaluated, including five numbering, ten sizing, and two shaping traits (Table 3) , with samples straightened and pressed flat (Fig. 3) . Thirty replicates were measured for each trait.
Data analysis
Box plot analysis and one-way ANOVA Origin 9.0, DPS 7.0, and Adobe Illustrator CS5 software were used. The box plots were drawn such that the middle section (box body) covered 50% of the observation area, the section between the upper and the lower transverse lines covered 90% of the observation area, and values outside of the box were outliers. The box bodies, mean values, and outlier values were the focus of this study. Box bodies were used to explore the variation directions of each floral traits from wild to cultivated crabapples by comparing their relative positions (downward distribution with smaller values or upward distribution with higher values), whereas mean values were served to determine the significance of differences between the two groups using Duncan multiple-comparison test (P values of < 0.05 and < 0.01 were considered significant and highly significant, respectively), and the outliers were applied to reflect transgressive information, which would be of importance for Malus germplasm innovations. Þ . Parameters of misregistration distance (MD) and misregistration probability (MP) were constructed, aiming at quantitatively expressing the degrees of phenotypic a. The misregistration distance (MD) between two groups was calculated according to the characteristic parameters of the normal distribution function as follows:
Frequency distribution function analysis
Where μ C and μ W are mathematical expectations of the random variables of cultivated and wild crabapples, respectively, that follow a normal distribution, and σ C and σ W are standard deviations of the random variables of the two groups, respectively, that follow a normal distribution. R 90 is the range representing 90% of the observation area of cultivated crabapple's box plot, which reduces the interference of the 10% of individuals belonging to the outliers. R 90 can be used as a dividend to standardize the data. In the formula, the sign ' ± ' depends on the product of Δμ and Δσ. It is '−' when the product is positive and '+' when the product is negative.
b. The misregistration probability (MP) was calculated according to the misregistration area of the probability distribution function curve as follows:
where A W1 , A W2 and A W3 are the probabilities of the area Fig. 3 Schematic diagram of the tests on phenotypic traits of floral organs. The three numbering traits of petal number, pistil number, and stamen number in Malus spp. were counted for the average of 30 representative flowers. And the ten sizing traits were measured with samples straightened and pressed flat. Phenotypic traits of the others (pistil and stamen number, petal, pistil and stamen number, petal length to width, and sepal length to width) were calculated that were formed by the misregistration between wild and cultivated crabapples relative to the total area formed by the X-axis and the curve of the probability distribution function of the wild crabapples; and A C1 and A C2 are the probabilities of the area that were formed by the misregistration between cultivated and wild crabapples relative to the total area formed by the X-axis and the curve of the probability distribution function of the cultivated crabapples.
Abbreviations MD: Misregistration distance; MP: Misregistration probability
